Initial burst is one of the major challenges in protein-encapsulated microparticle systems. Since protein release during the initial stage depends mostly on the diffusional escape of the protein, major approaches to prevent the initial burst have focused on efficient encapsulation of the protein within the microparticles. For this reason, control of encapsulation efficiency and the extent of initial burst are based on common formulation parameters. The present article provides a literature review of the formulation parameters that are known to influence the two properties in the emulsion-solvent evaporation/extraction method. Physical and chemical properties of encapsulating polymers, solvent systems, polymer-drug interactions, and properties of the continuous phase are some of the influential variables. Most parameters affect encapsulation efficiency and initial burst by modifying solidification rate of the dispersed phase. In order to prevent many unfavorable events such as pore formation, drug loss, and drug migration that occur while the dispersed phase is in the semi-solid state, it is important to understand and optimize these variables.
INTRODUCTION
Major challenges in developing protein-encapsulated microparticle systems are (i) instability of encapsulated proteins, (ii) their incomplete release, and (ii) initial burst release. It is widely known that the chemical and mechanical stresses produced during the microencapsulation process and the release period exert damaging effects on the conformational and biological integrity of the protein (Park et al., 1998; van de Weert et al., 2000a; Schwendeman, 2002) . In addition, the proteins, which are exposed to the acidic and/or hydrophobic microenvironments within the degrading polymer for a long period of time, undergo irreversible aggregation and/or degradation and non-specific adsorption and become unavailable for release (Schwendeman, 2002; Zhu and Schwendeman, 2000; Lu and Park, 1995) . In this way, the protein instability issue is closely related to the incomplete release issue. It is also frequently seen that many controlled release formulations including protein-loaded microparticles release a large bolus of drugs before they can reach a stable release rate (i.e., burst release or initial burst) (Huang and Brazel, 2001) . In most cases, the burst release is an ineffective form of drug usage from both therapeutic and economic standpoints. For this reason, one of the goals in development of protein microencapsulation systems is to reduce the initial burst and achieve a constant release rate thereafter.
The present article focuses on reviewing previous research conducted to control the release profile from polymeric systems such as poly (lactic-co-glycolic acid) (PLGA) microparticles. Most examples discussed here are from the emulsion-solvent evaporation/extraction method, unless specified otherwise.
Protein release from the PLGA microparticles during the initial release stage depends on diffusional escape of the protein through channels existing in the polymer matrix. Given that the time required until the onset of PLGA degradation ranges from weeks to months (Table I-III) , drug release during the first few days depends on how successfully the diffusion is controlled. In most cases, the burst release is due to poor control over the diffusionbased release in this stage. The degree of initial burst from the microparticles depends on the ability of the polymer matrix to encapsulate the protein, thereby making it unavailable for immediate diffusion (Mehta et al., 1996) . For this reason, efforts to reduce the initial burst have followed in the same track as those to increase encapsulation efficiency. Although the increase in encapsulation efficiency does not necessarily lead to reduction of the burst release, understanding the previous effort to maximize the encapsulation efficiency will thus be useful in controlling the release profile.
MATERIALS AND METHODS

Formulation parameters relevant to encapsulation efficiency
Most attempts to increase encapsulation efficiency are based on a common idea that fast polymer precipitation on the surface of the dispersed phase can prevent drug loss into the continuous phase (Bodmeier and McGinity, 1988) . On the other hand, when solidification of the dispersed phase is delayed, encapsulation efficiency becomes low because more drugs diffuse into the continuous phase ( Fig. 1) . Fig. 2 summarizes the formulation parameters that influence polymer precipitation and encapsulation efficiency.
Solubility of polymer in organic solvent
According to Mehta et al., solubilities of polymers in organic solvents determines the solidification rate of the polymers during the microparticle preparation process, which in turn affects microparticle properties such as drug incorporation, matrix porosity, and solvent residues (Mehta et al., 1996) . Eleven low molecular weight PLGA (ratio of 
Fig. 2. Factors influencing encapsulation efficiency
lactide to glycolide residue (L/G ratio)=50/50) and PLGA (L/G ratio=75/25) polymers from three manufacturers were chosen for making microparticles by the emulsionsolvent extraction method, and the relationship between properties of polymer and that of the resulting microparticles were investigated. Properties of polymers that were compared are L/G ratio, molecular weight, and their end structures.
Here, solubilities of the polymers in methylene chloride were compared by measuring the methanol cloud point (C s ): Higher C s meant that the polymer was more soluble in methylene chloride and, thus, required a greater amount of methanol to precipitate from the polymer solution. The PLGA polymer of a relatively high L/G ratio (75/25) had a higher solubility in methylene chloride than the other PLGA (L/G ratio=50/50). A lower molecular weight polymer had a higher solubility in methylene chloride than a higher molecular weight polymer. End-capped polymers, which were more hydrophobic than non-end-capped polymers of the same molecular weight and component ratio, were more soluble in methylene chloride.
Diffusion of drugs into the continuous phase mostly occurred during the first 10 minutes of emulsification; therefore, as the time the polymer phase stayed in the non-solidified (semi-solid) state was extended, encapsulation efficiency became relatively low. In Mehta's study, polymers having relatively high solubilities in methylene chloride took longer to solidify and resulted in low encapsulation efficiencies, and vice versa (Mehta et al., 1996) . Particle size and bulk density also varied according to the polymer. Since polymers having higher solubilities in methylene chloride stayed longer in the semi-solid state, the dispersed phase became more concentrated before it completely solidified, resulting in denser microparticles.
In different literature, it was shown that the use of relatively hydrophilic PLGA which carried free carboxylic end groups (Resomer ® RG 502H, L/G=50/50) resulted in a significantly higher encapsulation efficiency compared to that of an end-capped polymer (Resormer ® RG502, L/G= 50/50) (Johansen et al., 1998) . A similar explanation as above applies to this observation: Hydrophilic PLGA is relatively less soluble in the solvent, methylene chloride, and precipitates more quickly than the end-capped one. High solidification rate might have increased the encapsulation efficiency. On the other hand, the authors attribute the increase to the enhanced interaction between PLGA and the protein through hydrogen bonding and polar interactions (Johansen et al., 1998) . Walter et al. also observe an increase in encapsulation efficiency from using relatively hydrophilic PLGA (Resomer ® RG502H) in DNA microencapsulation (Walter et al., 2001) . Here, the authors suggest that the hydrophilicity of the polymer enhanced the stability of the primary emulsion, and it contributed to such an increase.
Similarly, among the polyvinyl alcohol (PVA)-graft-PLGA polymers having different sizes of PLGA segments, the polymers containing shorter PLGA segments, which were hence more hydrophilic, were found to be more efficient in encapsulating hydrophilic macromolecules (Frauke Pistel et al., 2001) . Decrease in the length of PLGA segments resulted in increase of encapsulation efficiency from 82 to 97% for FITC-dextran and from 66 to 80% for BSA. The contribution of the hydrophilicity can be, again, interpreted in two ways: First, the increasing hydrophilicity reduced solubility of the polymer in methylene chloride, and caused fast polymer solidification. Alternatively, the relatively hydrophilic polymer allowed efficient internalization of the hydrophilic macromolecules within the microparticles (Frauke Pistel et al., 2001 ).
Solubility of organic solvent in water
On the other hand, Bodmeier et al. found that methylene chloride resulted in a higher encapsulation efficiency as compared with chloroform or benzene, even though methylene chloride was a better solvent for poly (lactic acid) (PLA) than the others (Bodmeier and McGinity, 1988) . In order to justify this discrepancy, the authors point out that methylene chloride is more soluble in water than chloroform or benzene. The 'high' solubility allowed relatively fast mass-transfer between the dispersed and the continuous phases and led to fast precipitation of the polymer. The significance of solubility of the organic solvent in water was also confirmed by the fact that the addition of water-miscible co-solvents such as acetone, methanol, ethyl acetate, or dimethyl sulfoxide (DMSO), contributed to increase of the encapsulation efficiency (Bodmeier and McGinity, 1988) . Knowing that the methanol is a non-solvent for PLA and a water-miscible solvent, it can be assumed that methanol played a dual function in facilitating the polymer precipitation: First, the presence of methanol in the dispersed phase decreased the polymer solubility in the dispersed phase (Jeyanthi et al., 1997) . Second, as a water-miscible solvent, methanol facilitated diffusion of water into the dispersed phase.
In order to explain the low encapsulation efficiency obtained with benzene, the authors mention that the benzene required a larger amount of water (non-solvent) than methylene chloride for precipitation of the polymer, and the drug was lost due to the delayed solidification. However, given that benzene is a poorer solvent than methylene chloride for a PLA polymer, this argument does not agree with the widely spread idea that a poor solvent requires a smaller amount of non-solvent to precipitate a polymer. In fact, there could have been a better explanation if they had considered that the delayed solidification was due to the low solubility of benzene in water: As a poor solvent for a PLA polymer, benzene requires only a small amount of non-solvent for complete solidification of the polymer. However, since benzene can dissolve only a tiny fraction of water, it takes much longer to uptake water into the dispersed phase. That is, while solubility of a polymer in an organic solvent governs the quantity of a nonsolvent required in precipitating a polymer, solubility of the organic solvent in the non-solvent limits diffusion of the non-solvent into the polymer phase. Thus, when a cosolvent system is involved, both solubility of a polymer in a solvent and solubility of the solvent in a non-solvent participate in determining the solidification rate of the dispersed phase.
The importance of the solvent system was demonstrated in another example (Park et al., 1998) . Lysozyme-loaded PLGA microparticles were prepared using the oil in water (o/w) single emulsion technique. Here, the authors used a co-solvent system, varying the ratio of the component solvents. DMSO was used for solubilization of lysozyme and PLGA, and methylene chloride was used for generation of emulsion drops as well as solubilization of PLGA. Encapsulation efficiency increased, and initial burst decreased as the volume fraction of DMSO in the co-solvent system increased. Particle size increased, and density of the microparticle matrix decreased with increasing DMSO. Overall, these results indicate that the presence of DMSO increased the hydrophilicity of the solvent system and allowed fast extraction of the solvent into the continuous phase, which led to higher encapsulation efficiency and larger particle size.
Polymer concentration
Encapsulation efficiency increases with increasing polymer concentration (Mehta et al., 1996; Rafati et al., 1997; Li et al., 1999) . For example, the encapsulation efficiency increased from 53.1 to 70.9% when concentration of the polymer increased from 20.0 to 32.5% (Mehta et al., 1996) . High viscosity and fast solidification of the dispersed phase contributed to reducing porosity of the microparticles as well (Schlicher et al., 1997) .
The contribution of a high polymer concentration to the encapsulation efficiency can be interpreted in two ways. First, when highly concentrated, the polymer precipitates faster on the surface of the dispersed phase and prevents drug diffusion across the phase boundary (Rafati et al., 1997) . Second, the high concentration increases viscosity of the solution and delays the drug diffusion within the polymer droplets (Bodmeier and McGinity, 1988) .
Ratio of dispersed phase to continuous phase (DP/ CP ratio)
Encapsulation efficiency and particle size increase as the volume of the continuous phase increases (Li et al., 1999 , Mehta et al., 1996 . For example, the encapsulation efficiency increased more than twice as the ratio of the dispersed phase to the continuous phase (DP/CP ratio) decreased from 1/50 to 1/300 (Mehta et al., 1996) . It is likely that a large volume of continuous phase provides a high concentration gradient of the organic solvent across the phase boundary by diluting the solvent, leading to fast solidification of the microparticles. A relevant observation is described in the literature (Sah, 1997) . In this example, which utilized ethyl acetate as a solvent, the formation of microparticles was dependent on the volume of the continuous phase. When 8 mL of PLGA solution (o) was poured into 20 or 50 mL of water phase (w), the polymer solution was well disintegrated into dispersed droplets. On the other hand, when the continuous phase was 80 mL or more, the microspheres hardened quickly and formed irregular precipitates. This is because the large volume of continuous phase provided nearly a sink condition for ethyl acetate and extracted the solvent instantly.
Due to the fast solidification of the polymer, particle size increased with increasing volume of the continuous phase. Microparticles generated from a low DP/CP ratio had a lower bulk density (0.561 g/cc at 1/50 vs. 0.357 g/cc at 1/ 300), which the authors interpret as an indication of higher porosity of the polymer matrix (Mehta et al., 1996) . On the other hand, a different example shows that a higher DP/ CP ratio resulted in increased porosity, providing a large specific surface area (measured by the BET method) and the scanning electron microscope (SEM) pictures as evidence (Jeyanthi et al., 1997) . This apparent discrepancy can be explained by the fact that low bulk density (Mehta et al., 1996) is not a true reflection of porosity but a result of large particle size. In fact, porosity increases with increasing DP/CP ratio, i.e., decreasing rate of the polymer precipitation. This will be discussed later.
Rate of solvent removal
The method and rate of solvent removal influence the solidification rate of the dispersed phase as well as morphology of the resulting microparticles (Mehta et al., 1994) . In the emulsion-solvent evaporation/extraction method, the solvent can be removed by (i) evaporation, in which the solvent is evaporated around its boiling point or (ii) extraction into the continuous phase. The rate of solvent removal can be controlled by the temperature ramp or the evaporation temperature in the former and by the volume of the dilution medium in the latter.
PLGA microparticles containing salmon calcitonin (sCT) were prepared by emulsification, followed by different solvent removal processes (Mehta et al., 1994 , Jeyanthi et al., 1996 . In the temperature dependent solvent removal process, the solvent (methylene chloride) was removed by increasing the temperature from 15 to 40 o C at different rates. The microparticles that resulted from this process had a hollow core and a porous wall. The core size and wall thickness were dependent on the temperature ramp: A rapid rise in temperature resulted in a thin wall and a large hollow core, whereas a stepwise temperature rise (15 to 25, then to 40 o C) resulted in a reduced core size. It is believed that the hollow core was due to the rapid expansion of methylene chloride entrapped within the solidified microparticles. In controlled extraction of the solvent, the solvent was removed gradually and slowly by dilution of the continuous phase, which left the microparticles in the soft state for a longer period of time. The resulting microparticles showed a highly porous honeycomb-like internal structure without a hollow core. In the later study, it was noted that the porosity was a function of the amount of water diffused into the dispersed phase from the continuous phase, which could only be allowed before the dispersed phase solidified completely (Li et al., 1995) . In other words, the high porosity of the microparticles was due to the slow solidification of the microparticles.
Even though it is generally assumed that fast polymer solidification results in high encapsulation efficiency, this does not apply to the observation of Yang et al. (Yang et al., 2000) . Here, the encapsulation efficiency was not affected by the solvent evaporation temperature. It is supposed that the different processing temperatures influenced not only the rate of polymer solidification but also the diffusivity of the protein and its solubility in water. While the high temperature facilitated solidification of the dispersed phase, it enhanced diffusion of the protein into the continuous phase, compromising the positive effect from the fast solidification.
Interaction between drug and polymer
Interaction between protein and polymer contributes to increasing encapsulation efficiency (Boury et al., 1997) . Generally, proteins are capable of ionic interactions and are better encapsulated within polymers that carry free carboxylic end groups than the end-capped polymers. On the other hand, if hydrophobic interaction is a dominant force between the protein and the polymer, relatively hydrophobic end-capped polymers are more advantageous in increasing encapsulation efficiency (Mehta et al., 1996) . For example, encapsulation efficiencies of more than 60% were achieved for salmon calcitonin (sCT) microparticles despite the high solubility of sCT in the continuous phase (Jeyanthi et al., 1997) . This is attributed to the strong affinity of sCT to hydrophobic polymers such as PLGA. On the other hand, such interactions between protein and polymer can limit protein release from the microparticles (Park et al., 1998; Crotts and Park, 1997; Kim and Park, 1999) .
In certain cases, a co-encapsulated excipient can mediate the interaction between protein and polymer (Johansen et al., 1998) . Encapsulation efficiency increased when gammahydroxypropylcyclodextrin (γ-HPCD) were co-encapsulated with tetanus toxoid in PLGA microparticles. It is supposed that the γ-HPCD increased the interaction by accommodating amino acid side groups of the toxoid into its cavity and simultaneously interacting with PLGA through van der Waals and hydrogen bonding forces.
Solubility of drug in continuous phase
Drug loss into the continuous phase occurs while the dispersed phase stays in a transitional, semi-solid state. If the solubility of the drug in the continuous phase is higher than in the dispersed phase, the drug will easily diffuse into the continuous phase during this stage. For example, the encapsulation efficiency of quinidine sulfate was 40 times higher in the alkaline continuous phase (pH 12, in which quinidine sulfate is insoluble) than in the neutral continuous phase (pH 7, in which quinidine sulfate is very soluble) (Bodmeier and McGinity, 1988) . In another example, the encapsulation efficiency of rhodium(II) (Rh(II)) citrate in PLGA or poly(anhydride) was significantly enhanced after complexation with hydroxypropyl-β-cyclodextrin (HPBCD) (Sinisterra et al., 1999) . It is likely that the complexation of the Rh(II) citrate with the HPBCD complex decreased the hydrophilicity of the drug and, thus, improved the retention of the drug in the dispersed phase. Indeed, the encapsulation efficiency increased from 30% to 83% in PLGA microparticles and 22% to 79% in poly(anhydride) microparticles when free Rh(II) citrate was replaced with Rh(II) citrate-HPBCD complexes.
Protein is a typical example of a water soluble drug, of which efficient encapsulation remains a challenge. For optimization of encapsulation efficiency, making a waterinsoluble protein-zinc complex may be a reasonable approach (Tracy, 1998) .
Stability of primary emulsion
In the double emulsion-solvent evaporation/extraction method, stability of the primary (water (w 1 ) in oil (o), w 1 /o) emulsion is a critical factor for efficient internalization of the active ingredient Nihant et al., 1995; Schugens et al., 1994; Maa and Hsu, 1997) . When the primary emulsion is unstable, encapsulation efficiency is low because the internal aqueous phase (w 1 ) tends to merge with the neighboring aqueous continuous phase (w 2 ). Stability of the primary emulsion can be enhanced by including emulsifying agents such as BSA , PVA (Yang et al., 2001) , Tween-80, or Span-80 (Li et al., 1999) , either in the internal aqueous phase (w 1 ) or in the polymer phase (o).
For example, encapsulation efficiency of indigocarmine (a dye marker) increased with the increasing use of BSA in the internal aqueous phase (w 1 ), which stabilized the primary emulsion efficiently . In another example, a high concentration of PVA included in the internal water phase led to increase in encapsulation efficiency and decrease in initial burst (Yang et al., 2001) . Here, the encapsulated drug, BSA, was found to be uniformly distributed within the microparticles. This indicates that the PVA contributed to stabilization of the primary emulsion and efficient internalization of the protein. However, encapsulation efficiency decreased with increasing BSA loadings. Apparently, this result contrasts with the previous example because if the explanation in the former case were to apply to the latter, the increasing BSA content should stabilize the primary emulsion and increase the encapsulation efficiency. In fact, this discrepancy is due to the large concentration gradient of BSA. In the latter example, the increasing amount of BSA might have indeed increased the emulsion stability, but it also increased the concentration gradient of BSA between the dispersed phase and the continuous phase and provided a driving force for the diffusion of BSA into the continuous phase during polymer precipitation.
Volume and viscosity of the internal aqueous phase are often influential factors in determining encapsulation efficiency. Small volume (Li et al., 1999; Schlicher et al., 1997) and high viscosity (Ogawa et al., 1988; Maa and Hsu, 1997) are preferable in achieving high encapsulation efficiency. It is likely that the two factors also contribute to creating stable primary emulsion.
Causes of initial burst release
Initial burst release of protein from microparticles is generally explained in two ways. First, burst release occurs mainly due to the heterogeneous drug distribution. Proteins that are either loosely associated with the surface or embedded in the surface layer are responsible for the burst release (Sah et al., 1994; O'Hagan et al., 1994; Igartua et al., 1997; Rafati et al., 1997) . Second, morphology of the microparticles causes initial burst: The drugs escape from the polymeric matrices through the pores and cracks that form during the microparticle fabrication process (Huang and Brazel, 2001; Yang et al., 2001) .
Surface-associated drugs are widely known as main causes for the initial burst, but direct evidence is seldom found in the literature. On the contrary, a confocal microscopic analysis indicates that lysozyme encapsulated within PLGA microparticles by the double emulsionsolvent evaporation method existed exclusively inside the microparticles and distributed in several cavities within the microparticles (van de Weert et al., 2000b) . Infrared imaging, Attenuated Total Reflectance-Fourier transform infrared spectrometry (FTIR), and FTIR-photoacoustic detection also supported the fact that the protein was distributed throughout the PLGA matrix, not concentrated on the surface. The authors concluded that the initial burst (~50%) may have been caused by the diffusion of the protein through water-filled pores in the PLGA matrix rather than by the surface-bound protein.
It is likely that both causes contribute to the initial burst, although their relative contributions are yet to be determined. For example, Yang et al. used both explanations to interpret their observations (Yang et al., 2000) . Microparticles were prepared at different temperatures using the double emulsion-solvent evaporation/extraction method. According to the previous discussion, the microparticles produced at lower temperatures would be more porous due to delayed solidification and diffusion of the aqueous phase into the dispersed phase. Therefore, it is expected that a lower fabrication temperature would result in a higher initial burst. However, both the lowest and highest temperatures yielded low initial bursts, and the highest initial burst occurred at an intermediate temperature (Fig.  3) . Here, the authors point out that the temperature affected both drug distribution and morphology. At high temperatures, BSA diffused toward the surface of the microparticles, but fast solidification made the polymer relatively dense and reduced release of the surface-bound protein. At low temperatures, initial burst occurred due to the increased porosity, but only to a modest degree, since the low temperature prevented protein from moving toward the surface during solidification, leaving less protein near the surface. At 33 o C, the temperature was high enough to facilitate migration of the protein toward the surface and low enough to make the porous structure.
In the present article, discussion is made on the initial burst focusing more on morphology aspect simply because it is more relevant to the foregoing discussion and also (Yang et al., 2000) . Microparticles were prepared at different temperatures using the double emulsion-solvent evaporation/ extraction method.
relatively well-controlled.
Porosity vs. density
In many cases, the fact that microparticles are highly porous does not necessarily mean that the particle matrices are loose. It can be confusing since one may easily assume that high porosity is equivalent to low density. In order to straighten out this confusion, it is necessary to clarify the usage of two definitions in describing microparticle morphology: "porosity" and "density".
High porosity is generally a result of slow solidification. When the period that the microparticles remain soft is extended, the microparticles are allowed to shrink further and form smaller and denser matrices. At the same time, water from the internal aqueous phase (w 1 ) and/or the continuous phase (w 2 ) can diffuse into the dispersed phase to create water pockets and leave channels and pores within the polymer matrix (Li et al., 1995; Yang et al., 2000) . The end product of delayed solidification is a particle consisting of a dense polymeric matrix with pores or channels created by infused water (Fig. 4-A) . In this case, the size of pores should be the same magnitude as the microparticle itself.
On the other hand, when the polymer precipitates quickly, the same amount of dispersed phase will result in larger microparticles than when it solidifies slowly. In this case, the polymer matrix is not as dense as when it is allowed to shrink for a longer period of time (Fig. 4-B) . However, the space present in the matrix is not as large as the pores created by water influx but small enough to function as a diffusional barrier to the protein. To control the release of BSA, for example, of which the effective molecular radius is ~3.6 nm, the dispersed phase is supposed to shrink to such an extent that the "pores" are also on a nanometer scale. If solidification occurs too fast, the precipitating polymer cannot make up for the space left after extraction of the solvent and ends up being a collection of continuous polymer islets. An exemplary case would be when the organic solvent for the polymer is highly water-soluble or water-miscible (Fig. 5) .
In summary, the relationship between solidification rate and particle morphology is as follows:
(a) When solidification is slow, water influx from the continuous phase and/or the internal aqueous phase into the polymer phase create water-filled channels or pores. Microparticles shrink further during the time allowed for solidification and become dense and small. Generally, small porous microparticles have a large surface area and, hence, result in low encapsulation efficiency and high initial burst (Jiang et al., 2002) .
(b) When solidification is moderately fast, water does not flow into the dispersed phase substantially, but the dispersed phase can shrink to make the matrix moderately dense. These microparticles are larger than those resulting from slow solidification. Their encapsulation efficiencies are high, and initial bursts are low. When fast solidification occurs due to the high polymer concentration, the polymer matrix will be dense because of the chain entanglement (Yang et al., 2001) .
(c) When solidification is too fast, the dispersed phase will instantly solidify upon contact with the continuous phase without any volumetric change. Here, the solvent will be removed by quick solvent extraction into the continuous phase and leave a collection of polymer islets. In this case, the polymer precipitate may be unable to control the release rate and result in a large burst release.
A study of PLGA microparticles containing sCT provides Microparticles formed by the solvent exchange method. Acetic acid was used as a solvent for the polymer. Due to the instant precipitation of the polymer, the polymer membranes covering the aqueous cores became a collection of discontinuous polymer precipitates. See Reference (Yeo et al., 2003) .
an example relevant to the above discussion (Jeyanthi et al., 1997) . PLGA microparticles were prepared by dispersing a mixture of PLGA-methylene chloride solution and sCTmethanol solution in an aqueous continuous phase. As the encapsulated sCT increased, the specific surface area of the microparticles increased, which indicated increase in porosity. According to the authors, the increased porosity was related to removal of methanol and subsequent replacement of the methanol with water. Increase of the peptide concentration increased the amount of methanol remaining in the microparticles. Increasing methanol contents facilitated water influx, which usually occurs when solidification of the dispersed phase is delayed. On the other hand, as a non-solvent for the polymer, methanol caused fast solidification of the dispersed phase. In this case, the microcapsules displayed characteristics of both slow solidification (high porosity) and fast solidification (large particle size).
Formulation parameters affecting burst release
When initial burst is mainly due to drug diffusion through the preformed water channels, the solidification rate of the dispersed phase is a critical factor that influences the initial release. Therefore, most formulation parameters discussed above are involved in control of the initial burst as well.
Molecular weight of polymer
Initial burst is affected by the molecular weight of the polymer. In general, low molecular weight polymers result in high burst release of encapsulated protein (Yang et al., 2001 , O'Hagan et al., 1994 , Cohen et al., 1991 , Kissel et al., 1996 . This is partly because the low molecular weight polymer is more soluble in the organic solvent and undergoes slow solidification to produce more porous microparticles. On the other hand, it can also be attributed to the smaller size of the microparticles, which provides more surface area for drug diffusion (Yang et al., 2001 ).
Polymer concentration
A low polymer concentration results in high internal porosity and, thus, high initial bursts. A dilute dispersed phase can introduce more water from the continuous phase and/or the internal water phase and create water pores or channels before it completely solidifies. Once the microparticles are dried, the water channels become hollow holes through which drugs can be burst-released (Yang et al., 2000) . High porosity of the microparticles made of a low concentration polymer solution was visualized using confocal microscopy (Yang et al., 2001 ). Due to the high porosity, the microparticles resulted in a steep release profile.
The same trend was observed in PLGA (L/G ratio=75/ 25) microparticles loaded with BSA (Sah et al., 1994) . The extent of initial burst decreased with increasing polymer concentration. However, the release pattern consisted of an initial burst followed by little subsequent release, and it was common for all levels of PLGA concentrations. The release rate was controlled only by blending a fastdegrading low molecular weight d,l-PLA with the PLGA (75/25). This result indicates that the initial burst is a diffusion-based process, which is influenced by morphology of the microparticles while the subsequent release is a function of the polymer degradation.
Hydrophilicity of polymer
In general, hydrophilic polymers result in high initial burst and high release rates. For example, the extent of initial ovalbumin release was relatively high when PLGA with relatively high glycolide content (50/50) was used (O'Hagan et al., 1994) . The higher glycolide content made the polymer more hydrophilic, facilitated water uptake from the release medium, and resulted in a higher initial burst. Similarly, release of cyclosporine A from PLGA microparticles was affected by copolymer composition (Lee et al., 2002) . Higher lactide content delayed the drug release because of the stronger hydrophobic interaction between the polymer and the drug. On the other hand, the slow drug release can also be attributed to the delayed hydration of the microparticles due to the hydrophobicity of the PLGA.
The end structure of PLGA polymer is another factor that affects the hydrophilicity of the polymer. In DNA microencapsulation, PLGA carrying free carboxylic end groups (Resomer ® RG 502H) resulted in a higher encapsulation efficiency as well as a higher release rate, as compared to the end-capped polymer (Walter et al., 2001 ).
Drug loading
In many cases, the initial release increases with increasing protein loading (Sah et al., 1994; O'Hagan et al., 1994; Hora et al., 1990) . There are two possible explanations for the effect of protein loading. First, the elution of surfaceassociated protein creates water-filled channels that allow subsequent elution of the proteins located inside the microparticles. By facilitating formation of these channels, high protein loadings lead to high initial bursts (Hora et al., 1990) . Alternatively, a large protein concentration gradient between the microparticles and the release medium may promote the high initial bursts (Yang et al., 2001) . However, different opinion exists: The concentration gradient does not influence the protein release until the onset of polymer degradation (Sah et al., 1994) .
Composition of continuous phase
Variation of the PVA concentration in the continuous phase influences particle size, encapsulation efficiency, and/or initial burst (Hsu et al., 1999; Yang et al., 2001) . The particle size decreases with increasing PVA concentration, due to the increased shear stress and viscosity. Despite the small size, these microparticles show decreased initial burst (Yang et al., 2001) or increased encapsulation efficiency (Hsu et al., 1999) . It is supposed that high PVA concentration prevents migration of the internal aqueous phase toward the continuous phase by increasing the viscosity of the continuous phase (Yang et al., 2001 ).
Addition of salt or sugar into the continuous phase contributes to suppression of the initial burst (Jiang et al., 2002) . According to Jiang et al., the initial burst decreased by 46% and 27% by addition of NaCl and sucrose, respectively. Here, the presence of salt or sugar increased the osmotic pressure across the polymer phase, which was in essence a semi-permeable membrane in the semisolid state. This increase in osmotic pressure prevented influx of the continuous phase into the dispersed phase and reduced the formation of water channels which could have led to a high initial burst. The flow of water from the internal aqueous phase (w 1 ) into the continuous phase (w 2 ) seemed to exert an insignificant effect on the initial release since the BSA, a model drug in this study, was unable to cross the "semi-permeable" polymer phase due to its size. On the other hand, in a different study on insulin-loaded PLA microparticles, the osmotic pressure gradient induced by the addition of NaCl led to diffusion of the w 1 phase into the w 2 phase, compromising the encapsulation efficiency (Uchida et al., 1997) . Going back to our discussion on the initial burst, the difference between NaCl and sucrose in their capabilities of reducing the initial burst seems due to their different contributions to the continuous phase (Jiang et al., 2002) . In addition to osmotic pressure, NaCl increases the polarity of the continuous phase. Since methylene chloride is less soluble in the polar continuous phase, the polymer precipitates more slowly and forms relatively dense microparticles. On the other hand, sucrose lacks this capability and, thus, is not as effective as NaCl in burst reduction.
Drug distribution in microparticles
Migration of drugs during drying and storage steps can result in a heterogeneous drug distribution in the polymer matrix (Huang and Brazel, 2001 ). During the air or vacuum drying process, in particular, water flows to the matrix surfaces before evaporation. Here, drugs also diffuse toward the surface by convection and result in heterogeneous drug distribution in the polymer matrix (Fig. 6) .
It seems that convection-induced drug migration can be reduced by freeze-drying the microparticles. Burst release was lower when microparticles were freeze-dried than when air-dried (Igartua et al., 1997) . In another example, the burst release was almost entirely eliminated by freeze-drying the microparticles (Wang et al., 1991) . The authors attribute this result to the effectiveness of drying; however, suppressed migration of the protein during the drying process can also be a possibility. On the other hand, the freeze-drying process is not always effective in preventing the burst release. The volume expansion of encapsulated water during the freezing stage can cause additional cracks in the microparticles and induce a large initial burst.
As discussed in the previous section, when the drug is highly soluble in the continuous phase, the drug tends to migrate toward the exterior of the microparticles, also resulting in heterogeneous drug distribution. An example was shown in insulin microencapsulation using the solid in oil in water (s/o/w) emulsion method (Yamaguchi et al., 2002) . According to Yamaguchi et al., addition of a small fraction of glycerol into the primary (s/o) suspension enhanced internalization of insulin into the PLGA microparticles, by forming a "mini-emulsion", and suppressed the initial burst from 40% to 10%. The drug distribution was visualized by dying the microparticles with Coomassie Brilliant Blue, a protein-specific visible dye: The surface of the microparticles prepared in the presence of glycerol was virtually not stained, whereas the microparticles prepared without glycerol were homogeneously covered with the blue dye, which indicated presence of insulin on the surface of the microparticles. This result clearly shows that the affinity of drugs to the continuous phase can lead to highly heterogeneous drug distribution unless the imbalance of affinity is nullified by the presence of glycerol. The suppression of the initial burst is also attributed to the plasticizing effect of the glycerol. The presence of glycerol decreased glass transition temperature (T g ) of PLGA microparticles from 42.5 o C to 36.7 o C, making the polymer rubbery at physiological temperature (37 o C). SEM images show that the pores originally present on the surface of the microparticle disappeared after 4-h incubation in a phosphate buffer at 37 o C: The pores collapsed during the incubation due to depression of T g . By blocking the pores through which the encapsulated insulin can be burst released, the presence of glycerol contributed to suppression of the initial burst.
Similarly, human serum albumin was more efficiently Fig. 6 . Potential drug redistribution due to convection during the drying process (Modified from Reference (Huang and Brazel, 2001) ). Shaded area indicates drug distribution.
internalized within PLA-PEG copolymer (PELA) than in PLGA polymer (Li et al., 2001) . The initial burst and the "surface-associated protein", represented by the protein releasable upon trypsin treatment, were significantly reduced by using PELA polymer. The contribution of PELA polymer is due to the relatively hydrophilic microenvironment created by the PEG segment, in which the encapsulated protein can easily reside. The efficient internalization of the drug can also be achieved by generating a fine primary emulsion (Sah et al., 1995; Yan et al., 1994) . The fine primary emulsion was obtained using a high energy homogenization method such as sonication (Yan et al., 1994) or high shear rate application (Sah et al., 1995) . Homogeneous drug distribution was demonstrated by confocal microscopy (Yan et al., 1994) or SEM (Sah et al., 1995) .
Approaches to reduce initial burst
Different approaches have been attempted to reduce the initial burst. A recent publication thoroughly reviews existing approaches (Huang and Brazel, 2001 ). Representative examples are listed in Table IV . Most examples focused on reducing the initial burst associated with the surface-bound drugs.
CONCLUSIONS
Initial burst is usually undesirable because the drug released in this period is not available for prolonged release, and, more importantly, it can result in toxic side effects. In order to prevent the initial burst and gain efficient control over the release rate, it is necessary to understand possible causes of the initial release and relevant formulation parameters. In general, initial burst depends on how efficiently the drug is captured within the microparticles. Encapsulation efficiency is another aspect of efficient drug capture; therefore, the formulation parameters that govern the initial burst and the encapsulation efficiency are mostly overlapped.
The present article provided a review of several formulation variables that affect encapsulation efficiency and initial burst, focusing on protein-loaded microparticles. Possible causes of the initial burst and existing approaches to decrease the burst releases were also discussed. Protein release out of biodegradable polymeric devices is dependent on diffusional escape of the protein prior to the onset of polymer degradation. Poor control over the diffusion during the initial stage results in large initial burst and premature depletion of the drug. In order to control the release profiles efficiently, it is important that the microparticles have appropriate morphological characteristics, such as pore distribution and average pore size, and that polymers having a desirable degradation profile are used. Table IV . Possible strategies to reduce the initial burst (Huang and Brazel, 2001) • In vitro extraction of surface-bound drugs for a short period of time prior to in vivo application.
• Additional coating to provide a blank outer layer.
• Non-uniform drug distribution so that concentrations may gradually increase from the surface to the core (effective in monolithic systems).
• Variation of polymer composition.
• Surface modification.
